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Halogenated ﬂame retardants (HFRs) are a class of ubiquitous pollutants in the environment and attract
increasing attention. In the present study, HFR concentrations were measured in indoor and outdoor dust
in an important industrial city (Dongguan) in southern China, in which their presence and associated
human exposure are unknown. The HFRs were dominated by polybrominated diphenyl ethers (PBDEs)
and decabromodiphenyl ethane (DBDPE), with mean concentrations of 2365 and 2441 ng/g in the indoor
dust, respectively, which were 2–3 order of magnitude higher the concentrations of other HFRs. However
elevated tri- to hepta-BDE concentrations (869 ng/g) were found in Houjie Town, a furniture manu-
facturing center. The mean indoor/outdoor (I/O) ratios of HFR concentrations in the dust were all larger
than one (1.55–16.4), suggesting the importance of indoors sources for HFRs in indoor dust in this
industrial city. Principal component analysis (PCA) showed that the correlations among the HFRs in the
indoor dust probably revealed differences in their commercial applications, while most HFRs in the
outdoor dust have similar sources except for phased-out BDE47 and 99. The compositions of lower
brominated PBDEs varied among the towns, probably due to their different sources or inﬂuence of photo-
degradation. Nevertheless, the similar composition of highly brominated congeners indicated little
photo-degradation encountered in the ambient environment. The non-cancer risk associated with indoor
dust ingestion is low for the general population in Dongguan, but some children in the furniture
manufacturing center have signiﬁcantly high risk of exposure to banned PBDEs.
& 2014 Elsevier Inc. All rights reserved.1. Introduction
Halogenated ﬂame retardants (HFRs) are an important class of
chemicals that have been widely used in textiles, furniture,
electronics, construction materials, and automotive interiors since
the 1970s to improve the resistance to ﬁre (Batterman et al., 2009).
HFRs are ubiquitous and persistent in the environment and pose
potential health hazards to humans and wildlife (Talsness, 2008;
Covaci et al., 2011). Some of these chemicals, such as tetra-
through heptabrominated diphenyl ethers (PBDEs) and hexabro-
mocyclododecane (HBCD) have been included in the Stockholm
Convention on Persistent Organic Pollutants (POPs) for elimina-
tion. However, application products containing these ﬂame retar-
dants are still in use and remain an emission source of HFRs,
because most of them are physically mixed into product applica-
tions and readily to release into the ambient environment.Growing evidence has indicated that house dust play a sig-
niﬁcant role in human exposure to HFRs, due to people's uninten-
tional dust ingestion every day and high HFR concentrations in
this medium that have been detected globally (Wu et al., 2007;
Lorber, 2008; Johnson et al., 2010). This exposure route is parti-
cularly important for young children because of their tendency to
play on the ﬂoors and frequent hand-to-mouth contact, in agree-
ment with the much greater PBDE exposure of toddlers than
adults in previous studies (Jones-Otazo et al., 2005; Fischer et al.,
2006). Furthermore, adverse effects such as developmental neu-
rotoxicity and cardiovascular function by prenatal and early-life
exposure to PBDEs have been demonstrated in recent studies
(Costa and Giordano, 2007; Gascon et al., 2012; Gump et al., 2014),
underlining the importance of human exposure to HFRs associated
with house dust and other sources (Domingo, 2012).
Release from household products such as textiles, furniture, and
electronics in homes is primarily responsible for the elevated HFR
concentrations in house dust. Suzuki et al. (2009) found that these
additives are transferred from products through miniaturization
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vaporization and airborne transfer of microparticulates. Zhang et al.
(2011) suggest emission of PBDEs from various indoor products and
subsequent partitioning between air and dust. In addition, indoor
source is also an important source of PBDEs to the outdoors as
evidenced by higher PBDE concentrations in the indoor environ-
ment than outdoor levels (Harrad et al., 2008b). However, most of
these results were observed in North America and Europe where
signiﬁcant outdoor emissions of HFRs are usually lacking. Little is
known about the sources of HFRs in indoor dust in regions where
signiﬁcant outdoor emissions are present and their inﬂuence on
indoor dust chemicals. Li and co-workers measured PBDEs in the
organic ﬁlms on indoor and outdoor window surfaces in southern
China. They found higher concentrations in the exterior ﬁlms than
interior ﬁlms and suggested that PBDEs were derived mainly from
ambient environment (Li et al., 2010).
High HFR levels in the ambient air have been reported in both
urban and rural regions in China because of the fast economic
development (Chen et al., 2006; Zhang et al., 2009; Qiu et al.,
2010; Yu et al., 2011). The study area, Dongguan City, is located in
the Pearl River Delta in southern China, which is an important
world manufacturing center. Electronic information manufactur-
ing is the priority pillar industry, and electrical machinery and
equipment, textile and garments, furniture, and toy manufacturing
are also the important industries of this city. High concentrations
of PBDEs have been reported in the riverine sediment in Dongguan
(Zhang et al., 2009); however, no information is available about
the occurrence of HFRs in house dust and associated human
exposure to these chemicals in this city. It is not known if the
outdoor sources have a signiﬁcant inﬂuence on the HFR contam-
ination in the indoor dust in this industrial region.
In the present study, HFR concentrations were measured in the
indoor and outdoor dust in different towns of Dongguan. We aim
to understand the HFR levels, compositions, sources, and environ-
mental processes in the house dust, to examine the possible
relationships between the industrial development and HFRs con-
tamination in dust in different towns, and to evaluate the risk of
human exposure to HFRs through indoor dust ingestion.2. Materials and methods
2.1. Sample collection
Dongguan consists of 28 towns and one downtown area and
has an area of 2562 km2 and a population of 1.9 million in 2013
(Fig. S1). Dongguan is an important international production
center of computer products and accessories. Electronic and
electric equipment manufacturing accounts for nearly half of the
city's industrial output. There are over 3300 electronic information
manufacturing enterprises that are widely distributed over all the
towns. Other industries are mainly in speciﬁc towns such as
furniture manufacturing in Houjie Town, textile and garments in
Humen and Dalingshan Towns, and toy manufacturing in the
downtown.
Dust samples (indoor: n¼102; outdoor: n¼20) were collected
from 11 boroughs of Dongguan (Table S1). The indoor dust
samples were obtained from the surface of furniture, tables, and
ﬂoors of the bedroom and living room where people spend most
of their time, using a vacuum cleaner. Likewise, the outdoor dust
samples were obtained from the surface of objects (such as ﬂoor,
tables, and stools) in/around yards or buildings using vacuum
cleaner or solvent-cleaned brushes, which are mainly a mixture of
deposited atmospheric particles. The samples were wrapped in
aluminum foil and sealed in small polyethylene zip bags.2.2. Extraction and cleanup
The dust samples were sieved through a stainless steel 80-
mesh sieve. Dust (0.5–1.5 g) was spiked with BDE77, BDE181, and
BDE205 and Soxhlet extracted with an acetone: hexane mixture
(1:1, v:v) for 48 h. The extract was concentrated to 1–2 mL using a
rotary evaporator and then solvent exchanged to hexane. The
extracts were puriﬁed through a silica column packed with neutral
silica (8 cm, 3% deactivated), 44% sulfuric acid silica (8 cm) and
anhydrous sodium sulfate (1 cm) from the bottom to top. The
efﬂuents were concentrated to 200 μL under a gentle nitrogen
stream. A known amount of internal standards (4-F-BDE67, 3-F-
BDE153, BDE118, and BDE128) were added to the ﬁnal extracts
prior to instrumental analysis.
2.3. Instrumental analysis
Di- through hepta-BDEs (BDE28, 47, 66, 85, 99, 100, 138, 153,
154, and 183), pentabromotoluene (PBT), hexabromobenzene
(HBB), pentabromoethylbenzene (PBEB), and Dechlorane Plus
were analyzed by an Agilent 6980 N gas chromatograph coupled
with an Agilent 5975B mass spectrometer (GC–MS) using electron
capture negative ionization (ECNI) in the selected ion monitoring
mode. A DB-XLB (30 m0.25 mm i.d., 0.25 μm ﬁlm thickness;
J&W Scientiﬁc, CA) capillary column was used for separation. For
octa- through deca-BDEs (BDE196, 197, 201, 202, 203, 206, 207,
208, and 209), decabromodiphenyl ethane (DBDPE), BTBPT, and
polybrominated biphenyl (PBB209), the analysis was performed
with a Shimadzu 2010 GC–ECNI-MS system equipped with a DB-
5HT (15 m0.25 mm i.d., 0.10 μm ﬁlm thickness; J&W Scientiﬁc,
CA) column. The method detection limits (MDL), deﬁned as the
mean blank mass plus three standard deviations, were between
0.2 and 1.0 ng/g based on average dust mass.
2.4. Quality control
A procedural blank was run with each batch of samples. Only
trace amounts of BDE47, 99, 206, 207, 208, and 209 were detected
in the procedural blanks, and they were subtracted from the
amounts in the sample extracts. The surrogate recoveries were
86.3711.2% for BDE77, 10778.6% for BDE181, and 97.6719.7% for
BDE205 in all the samples. The recoveries of target compounds
were 85.7–120% (standard deviationso13.7%) in the spiked blanks
and 79.5–132% (o16.8%) in matrix spiked samples. The relative
standard deviations were within 1.56–16.7% for all compounds in
the triplicate samples. Reported concentrations were not surro-
gate-recovery corrected.
2.5. Data analysis
The Pearson product moment correlation and t-test were
performed on Sigmaplot 12.0, and principal component analysis
(PCA) was carried out using SPSS 16.0 for Windows. Concentration
data that did not follow a normal distribution were log-normal-
ized. In the PCA, concentrations that were below the LOQ, LOQ
values were assigned. A conﬁdence level of 95% was used for the
statistical tests and correlation analysis.3. Results and discussion
3.1. Concentrations
The total concentrations of HFRs in the indoor dust ranged from
514 to 20,600 ng/g (with a mean of 4986 ng/g), which were
signiﬁcantly higher than those in the outdoor dust ranging from
Table 1
The concentrations of HFRs in the indoor and outdoor dust in Dongguan (ng/g).
HFRs Indoor dust Outdoor dust
Range Mean Median Range Mean Median
pentaBDEsa 1.20–10159 298 29.6 nd–59.3 14.3 10.7
DecaBDEsb 139–17432 2067 1234 32.1–1881 553 482
PBDEs 140–17443 2365 1330 36.5–1904 568 496
DBDPE 147–11747 2441 1488 37.1–8574 1350 613
BTBPE 0.50–855 26.6 9.63 0.37–747 32.7 1.98
PBB209 nd–552 80.5 32.7 nd–180 13.7 ndc
HBB nd–26.6 2.99 0.95 nd
DP nd–622 68.5 37.5 1.44–93.1 22.9 17.5
Total 514–20594 4985 3518 77.1–9971 1987 1034
a Sum of BDE28, 47, 66, 85, 99, 100, 138, 153, 154, and 183.
b Sum of BDE196, 197, 202, 203, 206, 207, 208, and 209.
c Not detectable.
S.-J. Chen et al. / Environmental Research 135 (2014) 190–19519277.9 to 9974 ng/g (1996 ng/g) (Table 1). The mean indoor/outdoor
(I/O) ratios of the HFR concentrations (Table S1) in the Dongguan
dust were all larger than one varying from 1.55 to 16.4. This
suggests the importance of indoors sources for the HFRs in indoor
dust in Dongguan. The highest I/O ratio was observed for lower
brominated PBDEs (tri- to hepta-BDEs) that are derived from the
technical penta-BDE mixture, implying the presence of stronger
sources of these congeners in homes than other measured chemi-
cals. The likely explanations are (i) that the lower vapor pressures
of these PBDEs may facilitate their emission from various house-
hold products and subsequent transfer to indoor dust and (ii) that
the phase-out of the technical penta-BDE mixture leads to sig-
niﬁcant emission reduction from industrial activities whereas
emission from old household products continue.
The highest concentrations in both indoor and outdoor dusts
were observed for DBDPE and PBDEs. The PBDE concentrations
ranged from 147 to 11,747 ng/g (with a mean of 2365 ng/g) in the
indoor dust and from 30.9 to 1768 ng/g (518 ng/g) in the outdoor
dust. The DBDPE concentrations ranged from 140 to 17,443 ng/g
(2441 ng/g) in the indoor dust from 37.0 to 8574 ng/g (1350 ng/g)
in the outdoor dust. This is consistent with the fact that both the
technical deca-BDE mixtures and DBDPE are the important bro-
minated ﬂame retardants in China. Unlike those in the indoor dust,
the outdoor levels of DBDPE were remarkably higher than those of
PBDEs, suggesting more robust outdoor sources of DBDPE than
PBDEs in Dongguan. This is not surprising as DBDPE is an
emerging FR which is produced and used increasingly in China
(Zhang et al., 2009).
The concentrations of tri- to hepta-BDEs were relatively lower,
with means of 298 ng/g (ranging from 1.20 to 10,159 ng/g) and
14.3 ng/g (oLOQ59.3 ng/g) in the indoor and outdoor dust,
respectively. However, noticeably higher levels (869 ng/g) were
detected in indoor dust in Houjie Town, a famous furniture
manufacturing center in southern China (Table S1). It is known
that the technical penta-BDE product was predominantly added
into furniture and upholstery. The lower outdoor levels in Houjie
indicated that their emission from furniture manufacturing activ-
ities has substantially declined after the ban of penta-BDE product.
However, the elevated indoor concentrations may suggest not only
their release from old furniture and upholstery indoors but also
inﬂuence of outdoor sources in the past (e.g. via ventilation)
because of the widespread furniture making (even in the residen-
tial areas) in this town combined with the greater tendency to
atmospheric transport of these PBDEs. The concentrations of other
HFRs such as BTBPE, HBB, PBB209, and DP were generally lower
with mean concentrations of oLOQ80.5 ng/g, implying small
use of these chemicals in this region (Table 1).There were no signiﬁcant relationships between the mean
indoor concentrations of major HFRs (penta-BDEs, deca-BDEs,
DBDPE, BTBPE, PBB209, and DP) and gross domestic product
(GDP) values in the 11 boroughs in Dongguan (p40.614). Previous
studies have indicated that a variety of factors, including the
number of household equipment, building age, and cleaning rate,
can inﬂuence the PBDEs concentration in the indoor environment
(Wu et al., 2007; Harrad et al., 2009). This further indicated that
outdoor industrial sources may not be a signiﬁcant source of HFRs
in indoor dust in Dongguan. Instead, there was a seemingly
negative relationship between the total concentration of HFRs
and GDP (Fig. S2). GDP may be a rough reﬂection of the levels of
wealth of the boroughs. The older and obsolete household appli-
ances and furniture as well as the lower cleaning rates in low-
income homes may account for the elevated indoor dust HFR
levels.
PBDEs have been detected in house dust in many countries
(Table S2). The PBDE median concentrations (1334 ng/g) in the
indoor dust in Dongguan were lower than those in United States
and Canada ranging from 950 to 21,000 ng/g (Wilford et al., 2005;
Harrad et al., 2008b; Sjodin et al., 2008; Batterman et al., 2009;
Johnson-Restrepo and Kannan, 2009). Our levels were signiﬁcantly
higher than the medians in indoor dust reported from many other
Asian countries (from 10 ng/g in Thailand to 700 ng/g in Japan)
and Europe (from 27 ng/g in Belgium and 510 ng/g in Sweden)
(Suzuki et al., 2006; Sjodin et al., 2008; Fromme et al., 2009;
Cunha et al., 2010; D’Hollander et al., 2010; Vorkamp et al., 2011;
Thuresson et al., 2012) except for the U.K. where median concen-
trations between 2900 and 10,000 ng/g were found (Harrad et al.,
2008b; Sjodin et al., 2008). The PBDE levels in the present study
were comparable to those previously found in the Pearl River Delta
region with medians of 1941–4530 ng/g (Huang et al., 2010; Wang
et al., 2010; Kang et al., 2011) but higher than the level in
Shanghai, China (696 ng/g) (Yu et al., 2012). The outdoor PBDEs
concentrations (median¼496 ng/g) in Dongguan were higher than
those in Shanghai’s outdoor dust (medians¼37.3–266 ng/g) (Yu
et al., 2012).
Data on other ﬂame retardants in indoor dust are currently
limited. The DBDPE concentrations in Dongguan indoor dust
(median¼1523 ng/g) were lower than Guangzhou City in the Pearl
River Delta (2733 ng/g) (Wang et al., 2010). The DBDPE levels in
the present study were remarkably higher than those detected in
other regions around the world such as New Zealand (median¼9–
23 ng/g), the U.K. (24 ng/g), Belgium (153 ng/g), Norway (147 ng/g),
and the U.S. (201 ng/g) (Harrad et al., 2008a; Stapleton et al., 2008;
Ali et al., 2011, 2012; Cequier et al., 2014), indicating the large
consumption of this novel ﬂame retardant in China. The median
concentrations of BTBPE (9.63 ng/g) in Dongguan were within the
reported range (1–30 ng/g) (Harrad et al., 2008a; Stapleton et al.,
2008; Ali et al., 2011). The concentrations of DP (22 ng/g) in
residential dust in Canada found by Zhu et al. (2007) were lower
than our values (37.5 ng/g).
3.2. PCA and sources
The concentrations of major target compounds were used as
variables for the PCA. PCA is a multivariate analytical tool to
demonstrate the relationships among the variables implying the
similarities and differences in their sources. Three components
were extracted for the indoor dust, explaining 79.5% of the
variance in total. It can be seen that the three components were
likely to represent three HFR sources: lower brominated PBDEs
(namely PBDEs from the penta-BDEs mixture), highly brominated
PBDEs (mainly the deca-BDE mixture), and alternative/novel HFRs
(Table 2), which have different applications (in different types of
products or in different time periods). For outdoor dust, two
Table 2
PCA factor loading (Varimax Rotated Factor Matrix) for HFR concentrations in the
indoor and outdoor dust in Dongguan (values40.5 are highlighted).
Indoor Outdoor
PC1 (34.8%) PC2 (27.5%) PC3 (17.2%) PC1 (61.5%) PC2 (16.0%)
BDE28 0.825 0.064 0.200 –a –
BDE47 0.924 0.074 0.032 0.089 0.836
BDE66 0.890 0.105 0.168 – –
BDE99 0.924 0.137 0.197 0.370 0.694
BDE100 0.918 0.130 0.117 – –
BDE153 0.754 0.473 0.087 0.698 0.421
BDE154 0.857 0.277 0.107 – –
BDE183 0.330 0.356 0.449 0.755 0.365
BDE196 0.092 0.912 0.056 0.821 0.134
BDE197 0.196 0.848 0.303 0.861 0.208
BDE203 0.217 0.885 0.331 0.849 0.387
BDE206 0.232 0.572 0.726 0.915 0.222
BDE207 0.158 0.798 0.503 0.917 0.183
BDE208 0.173 0.549 0.710 0.926 0.144
BDE209 0.117 0.440 0.746 0.859 0.306
DBDPE 0.062 0.034 0.845 0.869 0.216
BTBPE 0.124 0.306 0.805 0.797 0.166
DP 0.555 0.035 0.422 0.616 0.571
a This variable was not included in the PCA due to the low detection frequency
(o60%).
Fig. 1. The ratios of DBDPE/(DBDPEþBDE209), BDE47/(BDE47þBDE99), and nona-
BDEs/(nona-BDEsþdeca-BDE) in the indoor and outdoor dust in the towns of
Dongguan. The double dotted lines represent the maximum and minimum ratios
reported in technical mixtures.
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and 99, and component 1 has a strong association with the highly
brominated FRs. Although this could be a result of their differing
physicochemical properties that lead to different environmental
behaviors, it is more likely that this ﬁnding suggests similar
emission sources of these HFRs in the ambient environment. It is
surprising that DP showed moderate relationships with the lower
brominated PBDEs in both the indoor and outdoor dust, consider-
ing the differences in the applications (primarily in cable coatings
for DP and in furniture for the penta-BDE mixture) and the
physicochemical properties.
3.3. Compositions and implications for environmental processes
Despite the differences in the industrial development (scales
and types) in the towns in Dongguan, the HFRs in all the indoor
dust were dominated by PBDEs (mostly BDE209) and DBDPE
(490%) because of their wide use in a variety of consumer
products. It is worth to note that the ratios of DBDPE/
(DBDPEþBDE209) in the indoor dust ranged from 0.03 to 0.89
with a median of 0.57 (Fig. 1), reﬂecting that the use of DBDPE in
most towns in Dongguan has exceeded that of the deca-BDE
mixture; while in Europe and North America the ratios were
between 0.02 (in the U.S.) and 0.32 (in Belgium). The DBDPE/
(DBDPEþBDE209) ratios were also higher than those (with a
median of 0.40) in the indoor dust in Guangzhou in 2008–2009
(Wang et al., 2010).
Differences in the congener proﬁles of lower brominated PBDEs
(through tri- to hepta-BDEs) in the indoor dust among the towns
were found (Fig. S3). BDE47 and 99 were the primary congeners in
most dust, except that high proportions of BDE183 in a few towns
were observed. Nevertheless, the ratios of BDE47/(BDE47þBDE99)
varied greatly in the indoor dust (from 0 to 1) compared to those
in the technical mixtures (0.44 and 0.50) (Fig. 1). It was also found
that the outdoor BDE47/(BDE47þBDE99) ratios (0.32–1, med-
ian¼0.58) were signiﬁcantly larger the indoor ratios (med-
ian¼0.44) (po0.001). The likely reasons are (i) that outdoor
PBDEs are subject to more substantial degradation by solar
irradiation than indoor PBDEs leading to generation of BDE47 or
depletion of BDE99 in outdoor dust and (ii) that these PBDEs have
different sources in indoor and outdoor dust. It is interesting thatin Houjie Town, where the highest indoor concentrations of these
PBDEs were found, many indoor dust ratios were larger than those
in the technical mixtures, providing evidence of a possible inﬂu-
ence from outdoors.
The congener proﬁles of highly brominated PBDEs, which are
main ingredients of the deca-BDE product, in the dust were
generally similar (Fig. S4). Deca-BDE may be degraded to nona-
BDE congeners ﬁrst under light (Söderström et al., 2004), resulting
in deviation of their fractions from the technical product. In the
present study, there is no statistically signiﬁcant difference in the
ratios of nona-BDEs/(nona-BDEsþdeca-BDE) between the indoor
(0.03–0.25) and outdoor dust (0.04–0.26) (p¼0.930), which were
mostly in the range of the technical mixtures (0.03–0.10) (Fig. 1).
These highly brominated congeners with lower vapor pressures
are present dominantly in particles and undergo little photoche-
mical removal from dust compared to PBDEs in the gaseous phase
as suggested by Raff and Hites (2007). However, our observation is
not consistent with that of Wilford et al. (2008) who found
debromination of deca-BDE to nona-BDEs in airborne particles at
a semi-rural site in England. The proﬁles of anti- and syn-DP
Table 3
Summary of estimated BFR exposures (ng/day) of adults and toddlers via house
dust in Dongguan.
Adult Children
Median 95th Median 95th
Average exposure scenariosa
Penta-BDEs 0.61 25.9 1.52 64.7
Deca-BDEs 2468 166 61.7 414
DBDPE 29.8 160 74.4 400
BTBPE 0.19 1.15 0.48 2.88
PBB209 0.65 5.90 1.63 14.8
HBB 0.02 0.27 0.05 0.67
DP 0.75 5.16 1.87 12.9
HFRs 70.4 284 176 710
Upper-bound exposure scenariosb
Penta-BDEs 1.52 64.7 6.06 259
Deca-BDEs 61.7 414 247 1656
DBDPE 74.4 400 297 1601
BTBPE 0.48 2.88 1.93 11.5
PBB209 1.63 14.8 6.53 59.0
HBB 0.05 0.67 0.19 2.68
DP 1.87 12.9 7.50 51.6
HFRs 176 710 704 2842
a Mean dust ingestion, 20 mg/day for adults and 50 mg/day for toddlers (Jones-
Otazo et al., 2005).
b High dust ingestion, 50 mg/day for adults and 200 mg/day for toddlers
(Jones-Otazo et al., 2005).
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the total DP) were in generally similar to those in the technical
products (Fig. S5). An interesting observation is that both the fanti
and BDE47/(BDE47þBDE99) ratios in Zhongtang and Human
Towns (Fig. 1) were more deviated from the ranges in the technical
products compared to other towns.
3.4. Exposure and risk assessment
The daily intakes of HFRs for adults and toddlers in Dongguan
via indoor dust ingestion were estimated. Mean dust ingestion of
20 and 50 mg/day and high dust ingestion of 50 and 200 mg/day
for adults and toddlers (Jones-Otazo et al., 2005) were applied, and
the median and 95th percentile of concentrations in the indoor
dust in Dongguan were used to provide average and upper-bound
exposure scenarios (Table 3). Our assessment assumed 100%
absorption efﬁciency for all the pollutants. The associated non-
cancer risks were also evaluated by hazard quotients (ratio of
intake to reference dose).
The estimated daily intakes (EDIs) of PBDEs were 25.3 and
63.2 ng/day for average adult and toddler in Dongguan (mean dust
ingestion rates and median HFR concentrations), which were
similar to the EDIs of DBDPE (29.8 and 74.4 ng/day), respectively.
The EDIs of other HFRs were lower ranging from 0.02 to 1.87 ng/day.
The upper-bound exposures to PBDEs and DBDPE were 482 and
400 ng/day for adults and 1916 and 1601 ng/day for toddlers,
respectively. Yu et al. (2012) simulated the bioaccessibility of PBDE
congeners in the human gastrointestinal tract, which varied from
14.2% to 66.4%. Our assessment would therefore overestimate the
exposure. However, 100% absorption efﬁciency was often adopted in
many studies to give a reasonable worst-case estimate (Wilford et al.,
2005; Harrad et al., 2008b; Ali et al., 2011). The average EDIs were
much lower than the reference doses (RfDs) of oral PBDE exposure
(0.1, 0.1, 0.2, and 7 μg/kg bw-day for BDE47, 99, 153, and 209,
respectively) recommended by the U.S. Environmental Protection
Agency (Staskal et al., 2008) and the RfDs of DBDPE (333 μg/kg bw-
day) and BTBPE (243 μg/kg bw-day) (Ali et al., 2012), suggesting the
likelihood of low non-cancer risks of exposure to these HFRs via
indoor dust for the general population in Dongguan. However, itshould be noted that in Houjie Town, where high concentrations of
lower brominated PBDEs were detected in indoor dust, toddlers'
upper-bound hazard quotients of exposure to BDE47 and 99 were
0.58, suggesting higher risks for some children in this town relative
to other regions. Therefore, adverse health effects caused by in-
creased exposure to these discontinued PBDEs for children in Houjie
Town in Dongguan should be of considerable concern, considering
additional exposures from other sources (such as food, human milk,
and toys) and from other discontinued PBDEs, for which the RfDs
remain unknown.4. Conclusion
This work provides the contamination of HFRs in the indoor
and outdoor in a highly industrialized city of Dongguan in south-
ern China. The higher concentrations of HFRs in most indoor dust
than the outdoor dust indicated that indoor sources are also
primarily responsible for their occurrence indoors in this indus-
trial city. While BDE209 is still a signiﬁcant HFR in the dust, its
concentrations has been exceeded by novel DBDPE in recent years.
The relationships among the HFRs in the indoor dust revealed the
different commercial applications of these HFRs, while most out-
door HFRs have similar sources (industrial activities) except for
BDE47 and 99. The compositions of PBDEs indicated that com-
pared to lower brominated PBDEs, highly brominated congeners in
dust may undergo little photo-degradation in the ambient envir-
onment. The non-cancer risk associated with indoor dust ingestion
is low for the general population in Dongguan, whereas there is a
considerable concern on the signiﬁcantly increased risk of expo-
sure to banned PBDEs for children in the furniture manufacturing
center (Houjie Town).Acknowledgments
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